pointed out by Zhang and Krnjević (1993) , no a priori readepressed in either low Ca 2/ (0.25 or 1.25 mM) or high Ca 2/ (5 or 7.5 mM) medium (control: 2.5 mM), indicating that there is son for considering one rather the other as the primary signal.
an optimal extracellular Ca 2/ concentration required to produce
The calcium hypothesis is favored by the depression of the the hypoxic hyperpolarization. Bis-(o-aminophenoxy)-N,N,N,N-hyperpolarization (or corresponding outward current during tetraacetic acid (BAPTA)-AM (50-100 mM), procaine (300 mM), voltage clamp) by blockers of Ca 2/ release from internal or ryanodine (10 mM) significantly depressed the hypoxic hyperpo-stores, such as dantrolene, heparin, thapsigargin, ruthenium larization, suggesting that Ca 2/ released from intracellular Ca 2/ red, and procaine (Belousov et al. 1995 ; Krnjević and Xu stores may have an important role in the generation of hypoxic 1989). Nevertheless, the effects of intracellular Ca 2/ chelahyperpolarization. The high-affinity calmodulin inhibitor N-(6-tors are variable and inconclusive. (cf. Fujiwara et al. 1987;  amino-hexyl)-5-chloro-1-naphthalenesulfonomide hydrochloride Leblond and Krnjević 1989) .
(W-7) (5 mM) completely blocked, whereas the low-affinity calThus the main aim of this study was to investigate the modulin inhibitor N-(6-aminohexyl)-1-naphthalenesulfonomide hydrochloride (W-5) (50 mM) did not affect, the hypoxic hyperpo-involvement of activation of Ca 2/ -dependent K / channels in larization. The calmodulin inhibitor trifluoperazine (50 mM) also hypoxic hyperpolarization. Attempts were made to examine suppressed the hypoxic hyperpolarization. In addition, calcium/ whether or not hypoxic hyperpolarization is dependent on calmodulin kinase II inhibitor 1-[N,O-bis(1,5-isoquinol-inesulfo-external Ca 2/ concentrations and able to be depressed by nyl)-N-methyl-L-tyrosyl]-4-phenyl-piperazine (KN-62) (10 mM) either intracellular Ca 2/ chelators or inhibitors of release markedly depressed the amplitude and net outward current of the from intracellular Ca 2/ stores. In addition, the intracellular hypoxic hyperpolarization without affecting the reversal potential. Ca 2/ -dependent signal transduction systems contributing to
In contrast, neither the myosin light chain kinase inhibitor 1-(5-the generation of hypoxic hyperpolarization were also exam-
chloride (ML-7) (10 mM) nor the protein kinase A inhibitor N- [2-(p-bromocinnamyl-amino) ethyl]-5-isoquinolinesulfonamide (H-89) (1 mM) significantly altered the hypoxic hyperpolarization. M E T H O D S These results suggest that calmodulin kinase II, which is activated The methods have been previously described (Fujimura et al. by calmodulin, may contribute to the generation of the hypoxic 1997). Briefly, rats were killed under deep ether anesthesia by hyperpolarization. In conclusion, the present study indicates that, severing the great vessels of the chest. The brain was removed and in the majority of hippocampal CA1 neurons, the hypoxic hyperpoa block of tissue that contained the hippocampus was sectioned larization is due to activation of both K ATP channels and Ca 2/ -with a Vibratome (400 mm). The tissue slice was submerged in a dependent K / channels. flowing (6-8 ml/min) physiological saline that contained (in mM) 117 NaCl, 3.6 KCl, 2. ( Fig. 2, A and B) . Superfusion with high-Ca 2/ (5.0 or 7.5 All quantitative results are expressed as means { SD. The num-mM) medium produced a hyperpolarization Ç2-4 mV in ber of neurons examined is given in parentheses. The unpaired amplitude (n Å 10). The apparent input resistance was sigStudent's t-test was used to compare data, with Põ 0.05 considered nificantly reduced in Ca 2/ (7.5 mM) containing medium significant unless specified otherwise.
but not significantly changed in 5.0 mM-Ca 2/ -containing medium. The apparent input resistance was decreased from 48.7 { 4.6 MV in 2.5 mM-Ca 2/ -containing medium to R E S U L T S 44.7 { 2.8 MV in 7.5 mM-Ca 2/ -containing medium (n Å This study was based on recordings from 100 CA1 pyra-5, P õ 0.01). In 5.0 and 7.5 mM-Ca 2/ media, the amplitude midal neurons of adult rats with stable membrane potentials of the hypoxic hyperpolarization was reduced to 4.8 { 1 more negative than 060 mV. The resting membrane potential mV ( n Å 5, P õ 0.01) and 1.6 { 1 mV (n Å 5, P õ 0.01), and the apparent input resistance were 069.3 { 2.7 mV and respectively (Fig. 2B) . These results indicate that there is 51.4 { 8.2 MV (n Å 100), respectively. In this study, unless an optimal [Ca 2/ ] o required to produce the hypoxic hyperpospecified otherwise, the membrane potential was depolarized larization. to 060 mV before hypoxic exposure by passing depolarizing DC current through the recording electrode.
Effects of intracellular Ca 2/ on the hypoxic hyperpolarization
Ca 2/ -dependent K / conductance
is involved in the
To investigate whether internal Ca 2/ may be important hypoxic hyperpolarization in the generation of the hypoxic hyperpolarization, the effects of a Ca 2/ chelator and an inhibitor of Ca 2/ release Brief applications of hypoxic media (2-4 min) induced from intracellular stores on the hypoxic hyperpolarization hyperpolarizations with a mean amplitude of 10 { 4 mV were examined. The membrane-permeable Ca 2/ chelator (n Å 70), which were accompanied by a reduction in the BAPTA-AM (50-100 mM, Fig. 3A ), or the ryanodine reapparent input resistance to 56 { 12% (n Å 70) of the ceptor agonist ryanodine (10 mM), reduced the peak ampliprehypoxic control. Readmittance of oxygen produced a tude of the hypoxic hyperpolarization without affecting the transient hyperpolarization and then restored the membrane posthypoxic hyperpolarization, whereas the inhibitor of Ca 2/ potential to the prehypoxic level. To analyze the conductance release from intracellular stores, procaine (300 mM), reverschange of the hypoxic hyperpolarization, hyperpolarizing ibly depressed both the hypoxic and posthypoxic hyperpolarand subsequent depolarizing ramp command currents were izations (Fig. 3B) . Table 1 summarizes effects of these applied before and during the hyperpolarization (Fig. 1A) . drugs on the relative amplitude of the hypoxic hyperpolarizaThe resultant steady-state current-voltage curves showed that tion and the reduction of neuronal input resistance during the membrane conductance during the hypoxic hyperpolar-hypoxic hyperpolarization. BAPTA-AM, procaine, and ryization was increased compared with that of the control (Fig. anodine significantly reduced the peak amplitude of the hyp-1B), and that the net outward current induced by hypoxia oxic hyperpolarization and reversed the ratio of the reduction had an outward rectification when the membrane potential of the neuronal input resistance during the hypoxic hyperpowas made more positive (Fig. 1B, inset) . The net outward larization. current was markedly depressed by tolbutamide (100 mM) (Fig. 1C, inset) . In the presence of tolbutamide (100 mM), Contribution of intracellular signal transduction systems Ca 2/ (0.25 mM), Mg 2/ (8 mM), and Co 2/ (2 mM), expo-in the generation of hypoxic hyperpolarization sure to hypoxic medium shifted the membrane potential from 060 mV to approximately 040 mV and markedly decreased
To investigate the role of intracellular Ca 2/ -dependent signal transduction systems, the effects of antagonists for the slope conductance (n Å 4, Fig. 1D ). The net inward current was reduced at hyperpolarizing membrane potentials, the protein kinases and calmodulin (CaM) were examined.
The CaM antagonist W-7 (50 mM) completely blocked hypbut its polarity was not reversed at membrane potentials between 050 and 095 mV (Fig. 1D, inset) . These results oxic hyperpolarizations and reversed their polarity; the membrane was depolarized during exposure to the hypoxic mesuggest that hypoxic hyperpolarization is mediated by acti-J-493-6 / 9k0b$$ja13 08-13-97 18:03:23 neupa LP-Neurophys
channel blockers and a reduction in external Ca 2/ depress the net outward current produced by hypoxia in hippocampal CA1 neurons. In this and subsequent figures, hypoxic medium was applied between the downward and upward arrows and, in each trace, the dotted line indicates the preexposure level of the membrane potential, unless specified otherwise. A: pairs of traces show current (top) and potential (bottom) recordings under current-clamp condition. Slow hyperpolarizing and depolarizing DC ramp currents (1-2 mV/s) were passed through the recording electrode to obtain steady-state current-voltage relationships before and during hypoxic exposure in the control condition (i); after pretreatment with tolbutamide (100 mM) for 10 min (ii); and with tolbutamide (100 mM), low Ca 2/ (0.25 mM), high Mg 2/ (8 mM), and Co 2/ (2 mM) for 10 min (iii). B-D: steady-state current-voltage curves were obtained before (Control) and during hypoxic exposure (Hypoxia) in the control condition ( B); in the presence of tolbutamide (100 mM) (C); and in the presence of tolbutamide (100 mM), low Ca 2/ (0.25 mM), high Mg 2/ (8 mM), and Co 2/ (2 mM) (D). Inset: net outward current produced by hypoxia, which were obtained by subtraction of the steady-state current-voltage relation at preexposure level from that during hypoxic exposure. For subtraction, steady-state current-voltage relations, which were continuously recorded from the most hyperpolarizing level (095 mV) to 060 mV, were used. The net outward current induced by hypoxia in the control condition (B, inset) was markedly depressed by tolbutamide (C, inset), and the response to hypoxia was reversed in polarity, and a net inward current was obtained, in tolbutamide (100 mM), low Ca 2/ (0.25 mM), high Mg 2/ (8 mM), and Co 2/ (2 mM) medium (D, inset). A-D: same neuron. dium (Fig. 3C) . The amplitude of the depolarization at the sultant net outward current produced by exposure to hypoxic medium was compared in the absence and presence of KNend of exposure was 5.5 { 2.7 mV (n Å 6). Another CaM inhibitor, trifluoperazine (50 mM), also depressed the hyp-62 (Fig. 5, B and C, insets) . The chord conductance of the membrane potentials between 080 and 090 mV in the aboxic hyperpolarization and reversed the ratio of the reduction in the neuronal input resistance during the hyperpolarization sence of KN-62 (11 { 4.2 nS, n Å 5) was significantly greater than that in the presence of KN-62 (5.0 { 3.7 nS, ( Table 2 ). These CaM inhibitors did not significantly affect the posthypoxic hyperpolarization. On the other hand, W-5 n Å 5, P õ 0.05). In contrast, the reversal potential of the hypoxic hyperpolarization was not different, being 085 { (50 mM), which is a weak, less specific antagonist for CaM (Kanamori et al. 1981) , did not show any effects on the 2 mV (n Å 5) in the absence, and 085 { 3 mV (n Å 5) in the presence, of KN-62. hypoxic hyperpolarization ( Table 2) .
The CaM kinase II antagonist KN-62 (10 mM) also depressed the hypoxic hyperpolarization (Fig. 4A ) and re-D I S C U S S I O N versed the ratio of the reduction in the neuronal input resistance during the hypoxic hyperpolarization (Table 2) . In
The present study shows that the amplitude of the hypoxic contrast, the myosin light chain kinase inhibitor ML-7 (10 hyperpolarization was critically dependent on [Ca 2/ ] o , bemM) and the protein kinase A inhibitor H-89 (1 mM) did cause it could be reduced by concentrations either greater not significantly affect the hypoxic hyperpolarization (Ta-or less than 2.5 mM. Both intracellular Ca 2/ chelation and ble 2).
inhibitors of intracellular Ca 2/ release reduced the hypoxic To study further the inhibitory action of KN-62 (10 mM), hyperpolarization, and external Ca 2/ also has a comparable steady-state current-voltage curves before and during the role in the generation of the hypoxic hyperpolarization. hypoxic hyperpolarization were obtained by passing ramp These results suggest that internal Ca 2/ has an important role in the generation of the hypoxic hyperpolarization. The currents through the recording electrode (Fig. 5A) 
Ca
2/ dependency of the hypoxic hyperpolarization and the possible Ca 2/ -dependent signal transduction systems that contribute to the generation are discussed in the following section.

2/ dependency of the hypoxic hyperpolarization
In the presence of the K ATP channel blocker tolbutamide (100 mM), hypoxic hyperpolarizations were markedly depressed, whereas in the presence of Krebs solution containing low Ca 2/ and Co 2/ and tolbutamide, the hyperpolarizations were not only completely suppressed, but the polarity of the response was also reversed, causing a membrane Procaine and ryanodine markedly reduced the hypoxic Neither the protein kinase A inhibitor H-89 nor the myosin light chain kinase inhibitor ML-7 affected the hypoxic hyperhyperpolarization, suggesting that the hypoxic hyperpolarization may have been due to an increase of [Ca 2/ ] i that is polarization, suggesting that the involvement, if any, of phosphodiesterase or myosin light chain kinase in the hypcaused by Ca 2/ -induced Ca 2/ release (Marrion and Adams 1992). In fact, Higashi et al. (1990) have shown that, in oxic hyperpolarization is minimal. It is therefore likely that the hypoxic depolarization in W-7-containing medium is due hypoxic Fura-2-loaded hippocampal CA1 neurons of the slice preparation, the rise in [Ca 2/ ] i and the initial hyperpo-to inactivation of the electrogenic Na / -K / pump and the concomitant accumulation of interstitial K / . larization occur almost simultaneously. Recently, Belousov et al. (1995) , using the whole cell recording method, have CaM activates various protein kinases, including myosin light chain kinase, phosphorylase kinase, and Ca 2/ /CaMreported that procaine, heparin, and thapsigargin markedly reduce the hypoxic hyperpolarization but ryanodine does dependent protein kinases I, II, and III (CaM kinase I, II, III). Immunohistochemical studies show that CaM kinase II not. Belousov et al. concluded that the hypoxic hyperpolarization is predominantly mediated by Ca 2/ release from an is quite plentiful in the hippocampus (Erondu and Kennedy 1985; Ouient et al. 1984) . The selective inhibitor for CaM inositol 1,4,5-triphosphate-sensitive internal store. It is likely that the lack of effect of ryanodine on the hypoxic hyperpo-kinase II, KN-62, depressed the hypoxic hyperpolarization.
This suggests that the increased internal Ca 2/ binds to CaM larization in the whole cell recording mode, which uses relatively large electrodes, is due to inactivation of the intracellu-and the Ca (Lai et al. 1986; Miller and Kennedy 1986) . In probability of the ryanodine receptor channels is dependent on [Ca 2/ ] i (Ashley and Williams 1990 -dependent K / polarization therefore seems likely. W-7 reversed the polar-channels to the hypoxic hyperpolarization ity of the response to hypoxia; that is to say, it caused a hypoxic depolarization that was associated with a fall in Hypoxic hyperpolarization has been found to be depressed by glibenclamide and tolbutamide in 60-80% of hippocamthe apparent input resistance. W-7 is an inhibitor of CaM, phosphodiesterase, and myosin light chain kinase. The value pal CA1 neurons tested, whereas the remaining neurons were insensitive to these K ATP channel blockers (Fujimura et al. of the half-maximum inhibition for these enzyme activities is Ç30-50 mM (Cafouleas et al. 1982; Hidaka et al. 1981 Hidaka et al. ). 1997 ). The present study shows that even in the tolbutamide- Values are means { SD, with values of n shown in parentheses. Bottom row: ratio of reduction in apparent input resistance during the hypoxic hyperpolarization. W-7, N-(6-amino-hexyl)-5-chloro-1-naphthalenesulfonomide hydrochloride; W-5, N-(6-aminohexyl) -1-naphthalenesulfonomide hydrochloride; -N-methyl-L-tyrosyl]-4-phenyl-piperazine; ML-7, 1-(5-iodonaphthalene-1-sulfonyl)-1H-hexa-hydro-1,4-diazepine hydrochloride; H-89, N- [2-(p-bromocinnamyl-amino)ethyl-5-isoquinolinesulfonamide (Belousov et al. 1995; Katchman and Hershkowitz 1993; Krnjević and Xu 1989; Leblond and Krnjević 1989) (Biscoe et al. 1988; Hansen 1985; Higashi et al. 1990; Nishimura 1986; Siesjö 1978) , both effects seem equally likely, and both could contribute toward the outward K / currents. An important consideration is changes in the proportions of K ATP channels and Ca 2/ -de- FIG . 5. Effects of KN-62 on the net outward current induced by hypoxia. A: pairs of traces show current (top) and potential (bottom) recordings under current-clamp condition. Slow hyperpolarizing and depolarizing DC ramp currents (1-2 mV/s) were passed through the recording electrode to obtain steady-state current-voltage relationships before and during hypoxic exposure in the control condition (i) and after pretreatment with KN-62 (10 mM) for 10 min (ii). B and C: steady-state current-voltage curves in the control condition were obtained before (Control) and during hypoxic exposure (Hypoxia) in the control condition (B) and in the presence of KN-62 (10 mM) (C). The net outward current induced by hypoxia in the control condition (B, inset) was depressed by inset) . A-C are from the same neuron.
pendent K
/ channels due to aging of experimental animals, because the density of K ATP channels has been shown to increase with age (Xia et al. 1993 ).
The present finding that BAPTA-AM depressed the hypoxic hyperpolarization is comparable with the previous report that EGTA depressed the hypoxic hyperpolarization in the majority of hippocampal CA1 neurons (Leblond and Krnjević 1989) . In our previous study, however, we found that intracellular EGTA injection did not affect the hypoxic hyperpolarization, but markedly depressed a slow afterhyperpolarization following spikes in hippocampal CA1 neurons (Fujiwara et al. 1987) . It is possible that the amount of injected EGTA was not enough to chelate the increased cytosolic Ca 2/ that activates the Ca 2/ -dependent K / channel, because the chelating action of BAPTA is more potent (Ribalet et al. 1989) . It has been 7 (10 mM) for 10 min ( middle trace), and after washing out of the drug for 10 min (bottom trace). C: hypoxic hyperpolarization before treamtent reported that activity of cloned fly Ca 2/ -dependent K / chan-(top trace), after pretreatment with N- [2-(p-bromocinnamyl-amino) -nels is augmented by phosphorylation of an A kinaselike ethyl]-5-isoquinolinesulfonamide (H-89) (1 mM) for 10 min (middle protein (Esguerra et al. 1994) . In rat cortical neurons, ATP, trace), and after washing out of the drug for 10 min (bottom trace).
forskolin, and dibutyl adenosine 3,5-cyclic monophos- 
